ABSTRACT Field experiments were carried out in 2000 and 2001 in northern Italy, with the aim of developing a composite sampling strategy for estimating populations of Liriomyza huidobrensis (Blanchard) larvae and mines on lettuce. Larval parasitoid populations also were sampled to estimate the contribution of these beneÞcials to pest control. Covariance analysis and parallelism test indicated that there were not signiÞcant differences in the coefÞcient of TaylorÕs power law between treatments (untreated versus treated) and between seasons (2000 versus 2001) for both pest and parasitoid stages. The slope of each regression was signiÞcantly Ͼ1 for L. huidobrensis mines and larvae, and endoparasitoid and ectoparasitoid larvae, indicating a clumped distribution of both pest and parasitoids. Constant precision level stoplines for mines and larvae of L. huidobrensis and for endoparasitoid and ectoparasitoid larvae were calculated, by using the common a and b derived from TaylorÕs power law. Wilson and Room binomial sampling was used to estimate the mean number of L. huidobrensis mines or live larvae from the ratio of leaves with mines. In this way, it is possible to estimate the mean density of L. huidobrensis by counting the leaves with mines, an index parameter easy to obtain in Þeld sampling. Validation of the presence-absence sampling plan by using Þeld data collected in 2002 and 2003 seasons, showed that the Wilson and Room model Þts very well empirical data. Statistical analysis does not show any signiÞcant difference between observed and predicted data.
THE PEA LEAFMINER, Liriomyza huidobrensis (Blanchard) (Diptera: Agromyzidae), was introduced in Italy at the beginning of 1990s (Sü ss 1991) , where it represents a serious pest on vegetables such as lettuce, Lactuca sativa (L.) (Lanzoni et al. 2003) ; spinach, Spinacia oleracea L.; eggplant, Solanum melongena L. (Calabretta et al. 1995) ; celery, Apium graveolens L. (Bosio 1994) ; and ornamentals such as gerbera, Gerbera jamesonii Bolus (Calabretta et al. 1995) ; and chrysanthemum, Chrysanthemum morifolium (Ramat) (Sü ss 1991).
The management of agromyzid leafminers has been extensively researched over the last 30 yr and several studies have been made on the natural enemies of economic pests such as Liriomyza spp. (reviewed by Murphy and LaSalle 1999, Gratton and Welter 2001) . In Italy, few studies have been carried out on the parasitoid complex of L. huidobrensis (Burgio et al. 2000) . In northern Italy, it was demonstrated that the natural complex of parasitoids is effective in controlling L. huidobrensis populations on lettuce. Rational management of weeds and Þeld margins can enhance the efÞcacy of natural enemies, resulting in an effective conservation biological control (Lanzoni et al. 2003) . Notwithstanding, control strategies for L. huidobrensis on lettuce often rely on chemical sprays and are implemented with scarce attention to population level of both leafminers and naturally occurring parasitoids. An alternative control method, carried out by some organic growers of northern Italy, consists of releasing of the ectoparasitoid Diglyphus isaea (Walker) (Benuzzi and Raboni 1992) .
The development of a management program to control L. huidobrensis depends on the sampling methods that are suitable for rapid decision-making processes required for efÞcient management programs. Classical sequential sampling plans have been developed for Liriomyza larvae in the United States that possess most of the attributes desirable for leafminer management (Jones and Parrella 1986, Heinz and Chaney 1995) . However, as suggested by Jones and Parrella (1986) and Heinz and Chaney (1995) , these sampling plans are based on predetermined damage threshold that may vary based upon environmental and agroeconomic conditions. Like the Þndings reported in these studies for celery in the United States, tolerance to L. huidobrensis larvae on lettuce in northern Italy is not based on a physiologically deÞned action threshold but is based on each growerÕs assessment of the esthetic quality of the crop within the context of the market conditions. In this case, the development of a sequential sampling plan that estimates the mean density of a population relative to a predetermined level of precision could be a practical solution for monitoring L. huidobrensis larvae and mines on lettuce. This sampling plan also must offer an estimation of the density of leafminer parasitoid populations by the analysis of a damage parameter easy to determine in Þeld (i.e., the ratio of leaves with mines), giving a preliminary evaluation of the efÞcacy of the biological control.
Our aim was to develop a composite sampling strategy for estimating L. huidobrensis larval and mine populations on lettuce that takes into account the need to also sample the larval parasitoid populations to estimate the contribution of these beneÞcials to pest control.
Materials and Methods
Field experiments were carried out in summer 2000 and 2001 on two farms near Bologna, northern Italy. Once a week, 50 basal leaves (two leaves per plant) randomly selected were collected from each plot for the 4 or 5 wk, depending on the season, subsequent to the transplanting. Leaves were placed in ice chest and taken to the laboratory where they were examined using a stereomicroscope by transmitted light. Agromyzid feeding tunnels were opened, and all pupae and larvae were dissected. The numbers of mines, healthy leafminer instars, dead agromyzid larvae, and larval and pupal stages of endoparasitoids and ectoparasitoids were recorded.
Data Analysis. The mean and the sampling variance of mines, live larvae, total larvae, endoparasitoid larvae, and ectoparasitoid larvae were calculated for each sampling date. TaylorÕs power law (s 2 ϭ am b ) (Taylor 1961 (Taylor , 1984 , which describes the correlation between means and sampling variance, was used to study the spatial distribution of mines and larvae of L. huidobrensis and parasitoid larvae. TaylorÕs parameters (a and b) were estimated by regression of log (s 2 ) on log (m), where the intercept a is dependent on sampling method and the slope (b) is deÞned as index of aggregation; as such, the latter is a constant per species and it varies continuously from a regular distribution for b 3 0, to random for b ϭ 1, to clumped for b Ͼ 1 (Taylor 1961 ).
Analysis of covariance was used to compare the parameters of TaylorÕs power law between treatments (untreated versus treated plot) and between the years (2000 versus 2001 season), with the aim of determining whether a common regression could be used to describe the spatial distribution of mines and larvae of L. huidobrensis and larvae of parasitoids.
The results of TaylorÕs analysis also were used to evaluate constant precision-level sampling plans for mines and live larvae of L. huidobrensis and endoparasitoid and ectoparasitoid larvae (Binns and Nyrop 1992, Naranjo and Hutchison 1997) . The formula of Green (1970) was used to calculate stoplines for the sequential samples:
where Tn is the cumulative number of mines or larvae over n sample units (leaves), d is the Þxed level of precision, and a and b are from TaylorÕs regression. The equation of Wilson and Room (1983) was used in an effort to develop presence-absence sampling plan:
where P(I) is the proportion of sampling unit (leaves) with mines or live larvae of L. huidobrensis, m is the mean number of mines or larvae per leaf, and the constants a and b derives from TaylorÕs power law. The regression model of Gerrard and Chiang (1970) was also used to relate the ratio of infested leaves (p) to the mean density of mines and larvae per leaf, and to relate the mean density of endoparasitoid and ectoparasitoid larvae with infested leaves:
where ␣ and ␤ are constants. Validation Test of the Presence-Absence Sampling Plan. In 2002 and 2003 seasons, eight plots (four plots each year) were established in lettuce Þelds (ÔTro-caderoÕ) in two organic farms located in Bologna province (northern Italy). The plots were not sprayed with chemicals, and no leafminer parasitoids were released. Each plot, of Ϸ70 m 2 in area, was sampled by a randomized selection of 100 basal leaves (two leaves per plant) on a weekly basis. Field samples were taken from late June to early October. Leaves were examined as described above. The validation of the Wilson and Room (1983) model was performed by comparing the observed frequencies (from the sets of data collected in 2002 and in 2003) with those predicted by equation 2, calculated using the coefÞcients of TaylorÕs power law from data collected in 2000 Ð2001 growing seasons. The comparison between observed and predicted frequencies was carried out by 2 goodness-of-Þt test (Zar 1984) .
Results and Discussion
Covariance analysis and parallelism test indicated that there were not signiÞcant differences in the co- (Table  1) . For these reasons, common regressions were used to predict the variance-to-mean relationships ( Table  2 ). The slope of each regression was signiÞcantly Ͼ1 for L. huidobrensis leaf mines and larvae, and endoparasitoid and ectoparasitoid larvae (leaf mines: t ϭ 23.37, df ϭ 35, P Ͻ 0.001; live larvae: t ϭ 34.05, df ϭ 35, P Ͻ 0.001; total larvae: t ϭ 31.36, df ϭ 35, P Ͻ 0.001; endoparasitoid larvae: t ϭ 43.16, df ϭ 26, P Ͻ 0.001; ectoparasitoid larvae: t ϭ 20.70, df ϭ 15, P Ͻ 0.001), indicating a clumped distribution of both pest and parasitoids. Heinz and Chaney (1995) reported log a values of 0.233 and 0.208, and b values of 1.257 and 1.187, for live larvae and leaf mines of L. huidobrensis on celery.
Comparing the values of the coefÞcients of the current study with those reported by Heinz and Chaney (1995) , some slight differences can be detected in the intercepts and, to lesser extent, in the aggregation of live larvae. In particular, L. huidobrensis on celery showed a more aggregated pattern in comparison with data of the current study. The reasons could be due to the different architecture of the crops and the different size of the plots. Jones and Parrella (1986) found for Liriomyza trifolii (Burgess) infesting chrysanthemums, log a values of 0.750 and b value of 1.19 for live larvae, and log a value of 0.784 and b value of 1.15 for leaf mines. Although TaylorÕs coefÞcients among Liriomyza species and crops show similar values, we suggest a speciÞc sampling plan for each speciesÐ crop system, because some differences in these parameters can be detected.
In the current study, aggregation index of endoparasitoids shows almost identical values in comparison with those of L. huidobrensis. Feng et al. (1993) in a study on Sitobion avenae (F.) and Aphidius ervi Haliday spatial distribution found that the b value for the aphid species was signiÞcantly greater than that of the parasitoid. Comparing the values of b of endoparasitoids (b ϭ 1.15) with ectoparasitoids aggregation index (b ϭ 1.21) of our study, we can hypothesize that the searching capacity of endoparasitoids could be relatively higher, for the lower value of aggregation index. A strong searching behavior of parasitoids may spread themselves out to cover the host population, leading to a less aggregated distribution. This conclusion is to be considered preliminary, for the lack of data about the searching efÞciency of leafminers parasitoid. Moreover, in the category endoparasitoid and ectoparasitoid are included a complex of species, with a predominance in northern Italy of Dacnusa sibirica (Telenga) among endoparasitoids and D. isaea among ectoparasitoids (Burgio et al. 2000 , Lanzoni et al. 2003 .
Constant precision level stoplines for mines and live larvae of L. huidobrensis (Fig. 1) and for endoparasitoid and ectoparasitoid larvae (Fig. 2) were calculated by Green (1970) method using the common a and b derived from TaylorÕs power law. The Green sampling method requires that leaf samples have to be taken sequentially until the cumulative number of live larvae, leaf mines, and parasitoid larvae exceed stopline values for the number of samples collected. The mean density can be estimated as a quotient of the cumulative number of larvae or mines divided by the number of samples.
The mines stage seems to be the most practical parameter to use for the sampling of L. huidobrensis populations on lettuce, because it is easy to monitor in the Þeld. Moreover, the mean number of mines per leaf is statistically correlated with the mean number of live larvae per leaf (y ϭ 0.226 ϩ 1.091x, r ϭ 0.96, P Ͻ 0.001). This evidence supports that mines can be used as infestation index; our data demonstrate that it is not necessary to sample the larvae of the pest because this stage is very time-consuming to sample, and it is not easy to detect in Þeld. For example, applying this criterion, and considering a precision level of d ϭ 0.2, the sampling is stopped when, after 50 leaves examined, the cumulative number of mines sampled exceeds the value of 40 or, after 100 leaves examined, the cumulative number of mines exceeds 36 ( Fig. 1) : in the Þrst case, the mean density of L. huidobrensis mines is 0.8; in the second case, it is 0.36. Figure 2 provides a system to sample the parasitoid populations, but in this case the leaves must be collected with a sequential modality, taken to the laboratory, and dissected under a microscope to count the parasitoid larvae. The sequential curves for L. huidobrensis mines are overlapping with those of endoparasitoid larvae, and for this reason, the same number of leaves can be taken to sample these stages at the same. On the contrary, sampling ectoparasitoid larvae requires a higher number of leaves in comparison with the sampling of L. huidobrensis mines. The coefÞcients of TaylorÕs power law were put in the mathematical model of Wilson and Room (1983) equation to develop a presence-absence sampling plan, i.e., to estimate the mean number of L. huidobrensis mines or live larvae from the ratio of leaves with mines. In this way, it is possible to estimate the mean density of L. huidobrensis by counting the leaves with mines, an index parameter easy to obtain in Þeld sampling.
Validation of the presence-absence sampling plan by using Þeld data collected in 2002 and 2003 (Fig. 3) seasons shows that the Wilson and Room (1983) Heinz and Chaney (1995) reported for L. huidobrensis infesting celery that validation tests of the presence-absence sampling plan yielded predicted frequencies of infested petioles signiÞcantly greater than the frequencies of petioles infested with larvae, showing a lack of Þt between predicted and expected frequencies. Jones and Parrella (1986) reported no signiÞcant differences between predicted and observed frequencies in the case of L. trifolii infesting greenhouse-grown cut chrysanthemums. Jones and Parrella (1986) and Heinz and Chaney (1995) discussed the relative merits of sample size based on reliability against a Þxed sample size for their ability to predict the sample mean. The use of a 100- petiole sample size within the context of a presenceabsence sampling plan as recommended by Jones and Parrella (1986) is favored over the sample size estimate by the Karandino (1976) formula; sampling plans using Þxed sample sizes are favored because the sampling size is independent of P(I) and because they provide increased precision of estimates as P(I) increases. Heinz and Chaney (1995) reported that implementation of a sequential sampling plan for L. huidobrensis larvae with a 0.25 level of precision and with a possible maximum sample size of 100 petioles should greatly reduce the amount of labor necessary to achieve accurate estimates of population densities and to facilitate the use of action thresholds based upon these estimates.
To estimate the mean density of parasitoid larvae by a binomial sampling, it is convenient to take a sample, to calculate the ratio of leaves damaged or with mines, and to obtain an estimation of the parasitoid population. This information is essential to evaluate the efÞcacy of biological control during the crop season. In this case, the ratio of infested leaves does not necessarily correspond to leaves with parasitoid larvae; for this reason, it is necessary to collect a sample of leaves, to open the mines, and to check the presence of parasitoids, a procedure that is impossible to carry out in Þeld and that needs highly skilled personnel. This is why it is not correct to put TaylorÕs coefÞcient of larval parasitoid in the Wilson and Room equation for the lack of correspondence between leaves with mines and leaves with larval parasitoid. Therefore, to obtain binomial estimation of larval parasitoid populations from infested leaves, the statistical model of Gerrard and Chiang (1970) was used. By this empirical model, the mean population density of larval parasitoid is estimated by the ratio of infested leaves, a parameter easy to estimate in Þeld. Regardless, for the lack of evidence of a constant density-dependent relationship between host and related parasitoid complex, this statistical correlation is not rigorously usable in cultural conditions different from those reported in this study. Moreover, the Þeld parasitization incorporates the effect of many parasitoid species; thus, our statistical correlation can be successfully applied only on a local scale. As showed in Table 3 , there is a signiÞcant correlation between leaves with mines and the mean number of larval endoparasitoids (r ϭ 0.77, P Ͻ 0.001). The correlation between the ratio of infested leaves and the mean number of larval ectoparasitoids was not signiÞcant (r ϭ 0.32, P ϭ 0.21) (Table 3) , perhaps due to the low number of data or to the lack of a functional relation between the density of ectoparasitoid populations and infested leaves. The coefÞcients of Gerrard and Chiang (1970) statistical model, calculated for binomial sampling of L. huidobrensis stages are reported in Table 3 ; all the relations are signiÞcant, with determination coefÞcient ranging from 0.90 to 0.98. The Gerrard and Chiang binomial sampling can be used in combination with the sequential sampling to estimate the mean number of endoparasitoid larvae by means of the ratio of leaves infested by the pest, calculated by the sample; the possibility of estimating the beneÞcial population by this easy method can facilitate the Þeld sampling and the integrated pest management (IPM) strategies for L. huidobrensis, because the estimation of the parasitoid populations by Green method is difÞcult to obtain, requiring the collection of leaves and the dissection of the mines in laboratory. The Gerrard and Chiang method offers a rapid and practical method to estimate the endoparasitoid populations, although coefÞcient correlation (r ϭ 0.77) is lower than that calculated for pest stages (r ϭ 0.90 for live larvae; r ϭ 0.98 for mines and total larvae). However, the binomial sampling of endoparasitoids larvae, including information on the activity of the parasitoids, gives a more complete protocol in the integrated management of L. huidobrensis.
An integrated sampling plan that includes the monitoring of L. huidobrensis larvae and parasitoid larvae is crucial to plan a rational control of the pest based on the real population densities in the crop. Moreover, a sampling protocol taking into account pest and beneÞcial populations is important in biological control of leafminers to determine the number of releases of a parasitoid species (i.e., D. isaea, D. sibirica, or both) and the number of specimens to release. This sampling also could be effective in advanced IPM to evaluate the efÞcacy of chemical sprays and the selection of resistant strains.
